Background: Laboratory diagnosis of Tuberculosis (TB) is traditionally based on microscopy and or culture. Microscopy is however, only sensitive to a specified degree of bacillary load not present in HIV co-infected persons. Traditional cultures of Mycobacterium tuberculosis (M. tb), on the other hand, take weeks to read-thereby delaying the critical decision whether or not, to treat. Although nucleic acids amplification tests (NAATS) applied directly on sputum or cultures can increase the sensitivity for TB diagnosis among those with HIV co-infection as well as reduce time-lines for positive culture detection, they do not replace the need for smear microscopy and culture. We have previously proposed the M. tb DNA-synthetic enzyme thymidylate kinase (aka TMKmt) as an organism-specific growth and proliferation biomarker to reduce time-lines for detection of positive TB cultures. In this study, we explored the secretory levels of TMKmt in M. tb cultures and sputum, towards improving the overall laboratory diagnosis of TB.
Background
Tuberculosis (TB) remains a leading cause of human morbidity and mortality world-over. TB is caused by infection with Mycobacterium tuberculosis (M. tb) [1, 2] . Human infection with M. tb may either be latent M. tb (also designated latent M. tb infection, LTBI) or active (a.k.a active M. tb infection, ATBI) [2] . An approximate one-third of the global human population is thought to have LTBI. Each year, 8-10 million people develop ATBI, 2 million of whom die from TB related illnesses [1, 2] .
Laboratory diagnosis of TB is traditionally based on microscopy and or culture. On one hand, confirmatory diagnosis of TB in the laboratory is based on culturing the organism on the traditional Lowenstein Jensen (LJ) or other new liquid medium. M. tb growth is slow, demanding several weeks to isolate and identify the organism in culture and thereby delaying timely diagnosis and subsequent patient management [3] . Traditional cultures of M. tb on LJ medium take weeks to read-thereby delaying the critical decision whether or not, to treat. Such delays in diagnosis and initiation of chemotherapy do not only increase morbidity and mortality from TB, but they also increase the risk of transmission in the community [4] . Of recent there has been introduction of molecular methods like GeneXpert ® MTB/RIF assays which detect M. tb quite fast. However, these assays are incapable of detecting live organisms, and do not replace the need for smear with microscopy for acid-fast bacilli, culture for mycobacteria, and growth-based drug susceptibility testing. Specifically, although application of these nucleic acids amplification tests (NAATS) either directly on sputum or cultures can increase the sensitivity for TB diagnosis among those with HIV co-infection as well as and reduce time-lines for positive culture detection, the need for microscopy or culture remains [3] . On the other hand, the use of microscopy for TB detection-whether conventional or inverted fluorescent, is only sensitive for a specified degree of bacillary load often not present in HIV co-infected persons. Moreover, studies evaluating TB treatment outcome have revealed that both sputum smear microscopy and culture have low positive predictive value [5] . Previous efforts to reduce timelines for M. tb culture have been based on radio-labelled carbon, acridinium-ester labelled DNA probes and other nucleic acids amplification tests (NAATS) [6] [7] [8] . These assays are nonethless, laborous to precisely undertake or replicate, and most take over 5 days to yield positive result. The low sensitivity of several immuno-assays for detecting M. tb in sputum at low bacillary loads (as is the case seen in HIV coinfection), has relegated several potentially emerging assays such as the Inducible Protein of 10Kda(IP-10), lipoarabinomannan (LAM) antigen and Adenosine-deaminase (ADA), and protein MPT64 (Capilia ® ) test to use strictly for purposes of reducing timelines of positive cultures [9] [10] [11] [12] [13] .
Specifically, direct nucleic acid amplification tests (NAATs), while known to reduce the turnaround time for the laboratory diagnosis of tuberculosis by at least 2-4 days compared to conventional growth detection; have poor accuracy for M. tb due to low sensitivity and inhibition [14, 15] . Further more, because DNA/RNA probe assays-even when including an amplification step as is the case for the simultaneous amplification and testing (SAT) TB assay, are not sensitive enough [15] . Moreover, DNA/RNA probe assays require more time, manipulation, contamination controls, and costly reagents and instruments [7] . The available lateral flow based immune assay (e.g. Capilia ® ) has a detection limit of approximately 10 5 CFU/ml, thereby requiring M. tb growth on solid or liquid medium prior to testing [12, 13] . In addition, Capillia ® tests tend to have a less than 100% sensitivity due to mutations in the MTP64 gene found by DNA sequencing in some isolates identified by conventional methods as belonging to the M. tb but negative in the lateral flow assays [13] .
Our group has previously proposed the M. tb DNAsynthetic enzyme thymidylate kinase (aka TMKmt) as a specific organismal growth and proliferation biomarker to reduce time-lines for detection of positive TB cultures [16] . In this study, we explored the secretory levels of TMKmt in M. tb cultures and sputum, towards improving the overall laboratory diagnosis of TB.
Results

Modelling of TMKmt secretion in vitro using purified recombinant TMKmt cloned and expressed in E. coli
In order to model the in vitro expression of the target M. tb growth and proliferation dependent antigen or biomarker (TMKmt), sodium dodecyl sulphate (SDS) Poly-Acrylamide Gel Electrophoresis (PAGE) and MALDI-TOF analysis were done on pooled fractions of urea dissolved precipatates from centrifugal cell-lysates of clones of E. coli filtered through a 0.22 uM sterilizing filter revealed that expressed rTMKmt has a molecular weight of 22, 635 and Isoelectric point of 7.66 (see Fig. 1 ). The concentration of expressed rTMKmt determined by the Bradford assay was 1 mg/ml with an absorbance at 595 nm of 0.383 (see Fig. 2 ). A rise in rTMKmt antigen levels was observed by MALDI-TOF at 3 h post-innoculation among in vitro cultures of the E. coli BL21 (DE) strain transformed with pET30a plasmid vector transducing the rTMKmt gene. The pET30a plasmid construct is shown in Fig. 3 . TMKmt Ag expression profile in the same E. coli cultures is shown in Fig. 4 . Details of recombinant TMKmt cloning, expression and purification in E. coli are shown in Additional file 1. Details of the expression profile of recombinant TMKmt (rTMKmt) in E. coli are shown in Additional file 2. These data demonstrate that recombinant TMKmt Ag expression follows the same sigmoid curve pattern of E. coli BL21 (DE) growth and proliferation in vitro. Recombinant TMKmt Ag expression in E. coli BL21 (DE) is characterized by an initial lag phase, followed by an exponential or log phase, and possibly a stationary phase. This is consistent with our earlier modelling of native TMKmt expression in M. tb and its potentail for reducing timelines for the diagnosis of positive TB cultures in vitro [16] . Specifically, recombinant TMKmt expression profiles in-culture preceed and are predictive of the growtth and proliferation of E. coli BL21 (DE) in vitro (see Figs. 2, 4, respectively).
TMKmt mRNA and antigen expression profile among cultures of a pathogenic wild-type Ugandan isolate alongside a laboratory M. tb strain
Unlike the sigmoid expression pattern observed with recombinant TMKmt expressed in E. coli observed above, TMKmt mRNA and antigen (Ag) displayed fluctuating spikes for cultures of both the Ugandan genotype 1 and H37RV. The 1st of several spikes in TMKmt mRNA levels was detected at 2.5 h (reaching its peak at 3 h) among in vitro cultures of pathogenic wild-type Ugandan isolate alongside the H37RV laboratory M. tb strain (see Fig. 5 ). This coincided with the 1st spike of TMKmt Ag levels, but unlike the case for mRNA, TMKmt Ag expression profiles were followed by increasing lags between subsequent spikes relative to the 1st spike (see Fig. 6 ). Details of Optimization of qRT-PCR of TMKmt and M. tb Pol1A are shown in Additional file 3: Figure S1 . Additional file 4: Figure S2 shows gel electrophoresis of PCR amplicons of TMKmt and Pol1A. At the point of 1st TMKmt mRNA and Ag spikes, CFU/ ml of mycobacterium were below 1 × 10 10 (see Fig. 7 ). The spiking pattern of TMKmt mRNA and Ag expression may explain the slow growth of M. tb. Moreover, that spikes of TMKmt Ag are observed over increasingly time-lags from the 1st spike, suggest that TMKmt expression is cyclic and responds to chorum sensing in the micro-environment. The cyclic pattern expression of TMKmt Ag among H37RV, was different from the Ugandan genotype 1. Specifically, H37RV demonstrated an early on-set but short lived spike in TMKmt Ag levels between 0 and 3 h post innoculation, with the next spike emerging at 12 h. This early spike in H37RV TMKmt Ag expression profiles, may explain why this lab strain grows faster than pathogenic strains (see Additional file 5 Figure S3 ). More important, however, is that regardless of these differences in cyclic patterns of TMKmt Ag expression, the Ugandan genotype displayed higher amplitudes of TMKmt mRNA expression [best fit = 0.0775 ± 0.0057; 95% CI 0.0660-0.0889] relative to H37Rv[best fit = 0.0553 ± 0.0037; 95% CI 0.0478-0.0629] (see Table 1 ). Details of TMKmt Ag expression among the Ugandan genotype 1 and H37RV, are shown in Additional file 6: Figure S4 and Additional file 7.
Limit of detection of positive M. tb among serial dilutions of a 1+ acid fast bacilli patient sputum sample
Considering the bacillary-load detection limit of approximately 10 5 CFU/ml for the Capilia ® lateral flow immune assay, we set out to determine the detection limit of TMKmt for M. tb positivity in serial dilutions of a 1+ acid fast bacilli patient sputum sample (containing an estimated 1 × 10 5 CFU/ml) [12, 13] . Theoretically, this work also evaluated the lung micro-environment as an in vivo M. tb culture system, thereby allowing for direct TMKmt antigen detection in unprocessed, un-cultured spot-sputum. Results for direct enzyme immuno-assay (EIA) detection of TMKmt Ag using two custom polyclonal antibodies (PAb-0655 and PAb-0656) in the 1 × 10 −1 , 1 × 10 −2 , 1 × 10 −3 , 1 × 10 −4 , 1 × 10 −5 , 1 × 10 −6 dilutions of sputum containing (considering the initial 1+ AFB sputum with 10 5 CFUs/ml) approximately 10 4 , 10 3 , 10 2 , 10, 1, and 0.1 CFUs/ml of acid fast bacilli are respectively shown in Fig. 8 and Additional file 8: Figure S5 . GraphPad combined details of TMKmt Ag detection in the Uganda genotype 1 and H37Rv strains are shown in Additional file 9: Figure S6 . Specifically, TMKmt antigen was detected up to 1 × 10 −4 -1 × 10 −5 (containing 10 and 1 CFUs/ml) dilutions of a bead-treated, microscopically designated 1+ (est. Acid Fast Bacillary load of 1 × 10 5 ) patient sample by PAb-0655 and PAb-0656, respectively. Statistical values for these results derived by the Prism software are shown in Table 2 . The excel master file containing raw and adjusted ODs for TMKmt Ag detection in each serial dilutions is shown in Additional file 10. Additional file 9: Figure S6 depicts a GraphPad comparison of the variation of TMKmt in each serial dilution as detected by either PAb-0655 or PAb-0656.
Discussion
We present experimental data that supports the view that detection of TMKmt expressed mRNA and Ag offers us opportune for instant diagnosis of M. tb in sputum, and reduction of timelines for positive pathogen detection in cultures to within 3 h. These results provide basis for not only designing rapid diagnostic tests (RDT) for TB detection at the point of care (POC) in sputum and possibly other bodily fluids, but also reducing time-lines for revealing positive TB cultures. These are critical bottle-necks in the public health control of TB, in that they address the challenge of cost, ease-of technological uptake, and turn-around times for TB diagnosis [1, 2] .
First, we show that recombinant TMKmt (rTM-Kmt) mRNA and Ag expression in E. coli BL21 (DE) is Figure 4 ; Additional file 1, 2). This is consistent with our earlier modelling of native TMKmt expression in M. tb and its potential for reducing timelines for the diagnosis of positive TB cultures in vitro [16] . Second, although expression of native TMKmt mRNA and Ag among the wild-type Ugandan genotype and H37RV laboratory strain of M. tb did not display the classical sigmoid curve of recombinant TMKmt expression predictive of the in vitro growth of E. coli BL21 (DE) (see Figs. 5, 6, 7; Additional file 3: Figure S1 , Additional file 4: Figure S2 , Additional file 5: Figure S3 , Additional file 6: Figure S4 , Additional file 7); the rise in the amplitudes of each subsequent spikes could potentially be used to predict M. tb growth and proliferation within 2.5 h (mRNA) and 3 h (Ag) respectively. This is an overwhelmingly significant reduction in the 1-5 day time-lines for detection of positive M. tb cultures by the current immuno, radio-labelled or NAATs (GenXpert ® ) methods on market [2, 3, 6, 9, 10, 12, 13] . Moreover, that drug sensitivity testing (DST) for M. tb is largely based on cultures, these results are in-line with and support our previous theoretical predictions to apply TMKmt detection towards reducing time-lines for TB DST [16] . This data may suffice to indirectly encourage investments in parallel research and development (R &) of antagonists of TMKmt as drug targets [17] [18] [19] [20] . Third, considering the bacillary-load detection limit of approximately 10 5 CFU/ml for the Capilia ® lateral flow immune assay, we set out to determine the limit of detection for TMKmt Ag conoistent with M. tb positivity in serial dilutions of a 1+ acid fast bacilli patient sputum sample (containing an estimated 1 × 10 5 CFU/ml) [12, 13] . TMKmt antigen was detected up to 1 × 10 −4 -1 × 10 −5 (containing 10 and 1 CFUs/ml) dilutions of a bead-treated, microscopically designated 1+ (est. Acid Fast Bacillary load of 1 × 10 5 ) patient sample by PAb-0655 and PAb-0656, respectively (see Fig. 8 ; Additional file 6: Figure S4 , Additional file 8: Figure S5 , Additional file 10; alongside Table 2 ). These data demonstrate that direct detection of TMKmt Ag in sputum has a superior detection-limit of 10 and 1 CFUs/ml compared to that of e Capilia ® lateral flow immune assay (10 5 CFU/ml) [12, 13] . Therefore, TMKmt Ag detection is a viable point of care immune assay to evaluate towards direct detection of M. tb positivity in sputum of patients with pulmonary TB (PTB). Moreover, the assay may theoretically be applicable to other TB specimen, including ascites (abdominal TB), pleural fluid (PTB), cerebral spinal fluid (CSF, TB meningitis) and other solid tissue specimen.
The translational significance of our results is two fold: (1) that rapid diagnostic tests (RDTs) for both TMKmt Ag and or Ab based on the micro-electro mechanical systems (MEMS) microfluidic or lateral flow immunochromatographic strip test (LFT) platforms can be used to instantaneously designate TB disease in sputum and possibly other bodily fluids such as ascites, cerebral spinal fluid, pleural effusions and lymphnode aspirates (a recent report has affirmed the ability to sero-diagnose TB among PLWHA on basis of TMKmt Ag and Ab detection EIAs done using patient blood [21]), and (2) that TMKmt mRNA or Ag detection in-culture using either microfluidic MEMS (exploiting labelled probes say forster resonance energy transfer, FRET) or LFT-RDTs respectively, can designate positive cultures within 3 h-thereby allowing the healthcare workers to decide on whether or not to treat, while the patient waits within an out-patient setting. Moreover, both these can be adopted to design culture independent, rapid assays for phenotyping TB drug susceptibility and or resistance as previously anticipated [16] . Figure S3 ). More important, however, is that regardless of these differences in cyclic patterns of TMKmt Ag expression, the Ugandan genotype displayed higher amplitudes of TMKmt mRNA expression. Although the 1st spike of TMKmt mRNA expression coincided with the 1st spike of TMKmt Ag levels, unlike the case for mRNA, TMKmt Ag expression profiles were followed by increasing lags between subsequent spikes relative to the 1st spike Deploying such an assay is predicted to overcome challenges for TB diagnosis in many TB high-burden resource limited settings, by overcoming delays for diagnosis and allowing for timely initiation of chemotherapy, as well as easying monitoring for treatment efficacy and predicting outcome or resistance [4, 5, 11] . A potential source of false positive is the distant homology of TMKmt antigens used to TMK of other non-MTB bacteria (see Additional file 11). Specifically, potential for cross-reactivity with TMK of other bacteria species other than TMKmt as predicted by basic local sequence alignments tool (BLAST) analysis across the National Center for Biotechnology Information (NCBI) microbial genome database. Although 100% sequence identity was only observed with TMKmt from various M. tb species, additional protein homology of more than 60% sequence identity was noted with TMK of Corynebacteria spp., Gordonia spp., Tomitella spp., Rhodococcus spp., Segniliparus spp., Dietzila spp., and Tulicella spp. Notable, however, is that the latter are not documented common pathogens of opportunistic co-infection with HIV/AIDS as the case with M. tb [1, 2] . In comparison, the cyclic pattern for expression of TMKmt Ag among H37RV (not shown), was different from the Ugandan genotype 1. Specifically, H37RV demonstrated an early but short lived spike in TMKmt Ag levels between 0 and 3 h post innoculation, with the next spike emerging at 12 h. This early spike in H37RV TMKmt Ag expression profiles, may explain why this lab strain grows faster than pathogenic strains. Important to note is that, regardless of these differences in cyclic patterns of TMKmt Ag expression, the Ugandan genotype displayed higher amplitudes of TMKmt mRNA expression 
Conclusions
In conclusion, detection of TMKmt expressed mRNA and Ag offers us opportune for instant diagnosis of M. tb in sputum, and reduction of timelines related positive pathogen cultures to within 3 h. This could overcome the prevailing diagnostic delays at the point of care within TB high-burden resource limited settings, and improve treatment outcome by enabling instant treatment-monitoring and drug sensitivity testing.
Methods
Pre-amble to methodology
The identity of the two TMKmt epitopes used to derive polyclonal antibodies (PAb-0655 and PAb-0656) used for TMKmt antigen (Ag) detection enzyme immunoassays (EIAs) in this study, has been described elsewhere [22, 23] . Briefly, (1) using the entire 214 amino acids sequences of TMKmt (SP "|O05891|") and five biophysical profiles (accessibility, antigenicity, beta-turn, flexibility, and hydrophilicity) in the immune epitope database analysis resource (IEDB-AR), the 27 AA long 148_ERSR-GRAQRDPGRARDNYERDAELQQR peptide was predicted to be the best continuous linear B cell epitope by all profiles (4/5, 80%) except antigenicity [24] [25] [26] [27] [28] . Second, using the crystal structure of TMKmt (PdB entry: "1g3u") and discontinuous B cell epitope software DiscoTope, we derived 22 amino acids (A:G57, A:E148, A:S150, A:R151, A:G152, A:R153, A:A154, A:Q155, A:R156, A:D157, A:P158, A:G159, A:A160, A:A161, A:R162, A:A163, A:N164, A:E166, A:R167, A:D168, A:A169, A:T179) as the best discontinuous or non-linear epitope [26] . Both peptide-epitope sequences were cross validated by BLAST across microbial-and conserved domain databases (CDD) [28, 29] (see Additional file 11). These two synthetic TMKmt-peptide-epitopes were used to derive the two rabbit TMKmt specific polyclonal antibodies (PAb-0655 and PAb-0656 respectively, GeneCUST, Luxemburg) used to detected TMKmt Antigen (Ag) levels in purified M. tb cultures and sputum dilutions.
Modelling of TMKmt secretion in vitro using purified recombinant TMKmt cloned and expressed in E. coli
The full length gene of TMKmt (NCBI Gene ID|71609|" was designed with related tags for each construct to facilitate purification. The complete sequence was subcloned between NdeI (5074) and HindIII (5735) restriction sites of a pET30a plasmid. A T7 promotor was placed between the upstream of the NdeI(5074) and a XbaI[5035] restriction sites; while a T7 terminator was placed downstream of the Xh0I (5740) and a Xh0I(5740) restriction site. An established purified culture of E. coli BL21 (DE3) was transformed with the recombinant TMKmt gene-carrying pET30a plasmid. A single colony was inoculated into medium ampicillin and kanamycin. Cultures were incubated at 37 °C at 200 rpm. IPTG was introduced for induction. SDS-PAGE was used to monitor the expression. Samplings were isolated at 1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0 and 7.5 h; and cell pellets isolated by centrifugation. Cell pellets were lysed by sonication, and precipitate after centrifugation was dissolved in urea. Fractions were pooled and refolded followed by 0.22 uM filter sterilization. Proteins were analysed by MALDI-TOF and SDS-PAGE by using standard protocols for molecular weight and purity measurements. The concentration was determined by Bradford assay with Bovine serum albumin (BSA) as a standard (see Additional file 1 for details).
TMKmt mRNA and antigen expression profile among cultures of a pathogenic wild-type Ugandan isolate alongside a laboratory M. tb strain
Isolates of the Ugandan genotype 1 used in this study were retrieved from the Mycobacteriology Level III facility at MakCHS, Kampala, Uganda. There were around seventy-seven samples where the genotype of interest (Uganda genotype 1) was represented by more than six Figure: S1. Thus these were the volumes and conditions used in the subsequent assays. To improve on SYBR green quantification, a high temperature fluorescence measurement point at the end of fifth segment was performed, this melts the unspecific products below chosen temperature and thus eliminates non-specific fluorescence signals. Three negative controls were run for each assay and all samples that had cycle thresholds (CTs) above or equal to any of the negative controls were excluded from analysis. To control for expression, M. tb PolA 1 gene that code for DNA polymerase 1 was also assayed for its expression using the exact conditions as TMKmt but using in-house designed primers 5′-ACCCAAAGCCTT-GCATGAG-3′ and 5′-ACCGGCACTTTCCATCTTC-3′ as forward and reverse respectively targeting a TMKmt amplicon of 382 bp. (f) TMKmt Ag detection enzyme immuno-assays: For detection of TMKmt Ag in frozen centrifugal supernatants of samplings from purified cultures of the Ugandan genotype 1 and H37Rv preserved in SDS, (1) several study aliquotes were prepared by dissolving 1 μl of each sampling in 1000 μl of freshly prepared phosphate buffered saline. (2) 100 µl of resultant serum-diluent was then pipetted into duplicate wells of a sterile 96-well microtiter plate (Nunc) and the plate incubated overnight.
(3) The plated wells were then blocked once the following day using 5% BSA in PBS and incubated at 37 °C for 30 min, after which excess solution was discarded and plate left to dry. Blank wells were also made, by adding only PBS rather than sample. (4) TMKmt specific rabbit polyclonals (either PAb-0655 or PAb-0656) were added, and wells incubated at 37 °C for 30 min, after which excess solution was discarded and plate left to dry. The wells-in-use were then washed with PBS three times using an automated plate-washer. (5) 100 µls of goat anti-rabbit IgG horse-radish peroxidase conjugate was added, and the plates incubated at 37 °C for another 1 h. During this incubation, the enzyme-substrate was prepared by adding 1 volume of substrate (TMB) to 1 volume of diluent (hydrogen peroxide) in volumes enough for all thewells in use. (6) 200 µl of freshly prepared substrate was added to each well (purple-bluish color developed in all except A-BX1 blank wells). (7) The reaction was stopped by adding 100 µl of dilute (1 mol/l) H 2 SO 4 . The intensity of the reaction in each well was hence after determined by reading the plate at an optical density (OD) of 450 nm using a single filter of an automated ELISA plate reader (PR 3100, Bio-Rad).
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